Quantitative x-ray-diffraction measurements were performed on a nanocrystalline Cu sample made by severe plastic deformation. The shape of Bragg reflections was found to be represented primarily by a Lorentzian function. A difference of as much as 6%Ϯ3% was revealed between the integrated intensities from the nanocrystalline and a reference coarse-grained Cu samples. The broadening of Bragg reflections from the nanocrystalline Cu sample was mainly induced by small crystallite sizes and microstrains inside the grains and/or the deformed layers near the grain boundaries. It was found that the grain sizes of nanocrystalline Cu in different crystallographic orientations are essentially the same, while the microstrains exhibit a significant anisotropy. The Debye-Waller parameter B of the nanocrystalline Cu sample was 0.97Ϯ0.06 Å 2 , which suggests that the atomic displacement from their ideal lattice positions equals on average 0.111Ϯ0.004 Å or 4.3% of the nearest-neighbor spacing.
I. INTRODUCTION
Microstructural characterization of nanocrystalline ͑NC͒ materials is necessary to understand the origin of their enhanced properties relative to conventional coarse-grained ͑CG͒ polycrystalline materials. Because a large fraction of atoms in NC materials is located on the grain boundaries ͑GBs͒ and their vicinities, atomic relaxations in these regions are the main microstructural element and expected to play an important role in determination of the properties of NC materials.
The x-ray-diffraction analysis is a powerful tool in the investigation of NC materials. Recent experimental investigations [1] [2] [3] [4] indicated that the x-ray-diffraction patterns of NC materials differ significantly from those of reference CG counterparts in positions, values of the integrated intensities, and profiles of the diffraction lines. Some differences in background integrated intensities were observed as well. 3 It means that the structural features, such as lattice parameters, the crystallite size, microstrain, crystallographic texture, and Debye-Waller parameter of the NC materials, might be changed relative to the corresponding CG materials.
Several methods have been developed to synthesize the NC materials. They are: consolidation of ultrafine metallic powders; 5 rapid solidification from the liquid state; 6,7 mechanical attrition; 8 crystallization of amorphous solids; 9 electrodeposition; 10 and severe plastic deformation. 11 These methods differ from each other by their thermal or mechanical processing of materials and may result in fundamental differences in obtained NC structures.
The NC materials made by severe plastic deformation as have been recently reported 11 exhibit a variety of interesting properties, including the elastic, strength, microhardness, superplastic, damping, and magnetic properties. Conducted investigations testify that this method for synthesis of NC structures is very effective. In contrast to the other methods, it possesses many advantages. For example, one can produce massive samples ͑sheets or rods͒, which are very useful for mechanical testing; no residual porosity is found in samples produced; and massive bulk samples obtained by this method could have a potential industrial application.
The purpose of the present work is to carry out the detailed x-ray-diffraction structural characterization of a NC Cu sample made by severe plastic deformation and to compare its structural parameters with those of a reference CG Cu sample.
II. EXPERIMENT A. Sample preparation
A pure copper ͑99.98%͒ sample was subjected to severe plastic deformation by torsion straining with axial rotation under a pressure of several GPa at room temperature. The number of rotations is 8 and the angle of rotations is 16. Such a treatment resulted in the formation of the uniform NC structure and no residual porosity within the sample. 11 The shape of the NC Cu sample is a disk with a diameter of 12 mm and a thickness of 0.22 mm.
A reference CG Cu sample was also used in this work for comparative analysis. It was cut off from the massive sheet of industrial product obtained by cold rolling and had the same shape as the NC Cu sample. The x-ray study shows that, after annealing at 723 K for 20 min under a vacuum of 10 Ϫ3 Pa, it has an approximate perfect structure with large crystallite size and almost no microstrain, and could thus be treated as a reference CG Cu sample.
B. X-ray diffraction
X-ray-diffraction measurements of NC and reference CG Cu samples were performed on the wide angle goniometer of a Rigaku D/MAX 2400 x-ray diffractometer. The rotated Cu target was used with a measuring voltage of 58 kV and a current of 180 mA. X-ray wavelengths k␣1 ͑1.540 56 Å͒ and k␣2 ͑1.544 39 Å͒ were selected using a graphite crystal ͗0002͘ scattering at the goniometer receiving slit section. With these wavelengths, the extinction depth in Cu samples was calculated to be less than 49 m, which is about onefifth of the thickness of samples.
Measurements of Ϫ2 scans for the investigated samples were made in the reflection mode with the scattering vector aligned approximately perpendicular to the sample surface. The experimental temperature was 293Ϯ1 K. For the NC Cu and reference CG Cu samples the scans were collected over a 2 range of 40°-140°. The small angular steps of 2ϭ0.02°and the fixed counting time of 20 s were taken to measure the intensity of the Bragg reflections. Other parts which are related to the background intensity were measured using a step size of 0.1°and a counting time of 10 s.
In order to determine the instrumental broadening of the x-ray diffractometer, we use a powder Cu sample with a mean particle size of about 30 m annealed at 773 K for 60 min under a vacuum condition of 10 Ϫ3 Pa. The Bragg reflections of the powder Cu sample were measured using a step of 0.02°and a counting time of 20 s.
III. EXPERIMENTAL RESULTS

A. The x-ray-diffraction pattern analysis
The x-ray-diffraction patterns of NC and reference CG Cu samples investigated from 2ϭ40°to 140°are shown in a logarithmic scale of intensities in Fig. 1 . Maximum peak intensities of Bragg reflections with the wavelength k␣1 for both samples and a literature data 12 are listed in Table I . By comparing the relative peak intensities of the ͑111͒, ͑200͒, ͑220͒, ͑311͒, ͑222͒, ͑400͒, and ͑331͒ Bragg reflections in the corresponding x-ray-diffraction patterns, respectively, different textures were observed in both samples. The NC Cu sample exhibited ͗111͘ texture due to severe plastic defor- mation, and the reference CG Cu sample exhibited ͗200͘ and ͗331͘ textures. From Fig. 1 it can be seen that the NC Cu sample possessed much more significant peak broadening than the reference CG Cu one. According to the x-ray kinematical diffraction theory, 13 the intensity measurements I(2) as a function of the diffraction angle 2 can be represented by
where I 0 is the incident intensity which is comprised of some physical constants; L(), P(,␣), A, and exp͓Ϫ2B͑sin /͒ 2 ͔ are Lorentz, polarization, absorption, and Debye-Waller factors respectively; S(2) is the diffraction process.
The absorption correction was ignored for the data collected with the scintillation detector because of the samples being approximately flat. 13 The experimental profiles of the Bragg reflections with the polarization factor correction were fitted by the pseudoVoigt function, which is a linear combination of the Lorentzian and Gaussian functions, in order to obtain the information about the shapes of Bragg reflections for NC and reference CG Cu samples. The fitting result is shown in Figs. 2͑a͒ and 2͑b͒. It was found that the partition fractions of the Lorentzian component are 81%, 97% for the ͑111͒ and ͑331͒ Bragg reflections, and 100% for others as shown in Fig. 3 . Therefore, the shape of Bragg reflections for the NC Cu sample was represented primarily by the Lorentzian component.
The mean fraction of the Lorentzian component for the reference CG Cu sample was much less than for the NC Cu sample ͑Fig. 3͒. Thus, the shape of Bragg reflections for the reference CG Cu sample could be represented by the function with the relatively large Gaussian component.
The background intensity may include both diffuse scattering intensities from the sample and the instrument, e.g., air scattering of the diffracted radiation. 13 In this experiment, since scattering intensity associated with the instrument for the NC Cu sample was the same as that for the reference CG Cu sample, the diffuse scattering intensities induced only by the samples were approximately estimated.
In order to separate the background intensities from the intensities of Bragg reflections which have been fitted using the pseudo-Voigt analysis, a couple of edge points located at the both corners of each Bragg reflection were chosen as the background; so, the base line connecting these edge points was established. The intensity data above the base line were removed for all Bragg reflections. The remaining intensities which were not associated with the Bragg reflections were regarded as the background intensities.
The background intensities of the NC Cu and reference CG Cu samples are shown in Figs. 2͑a͒ and 2͑b͒, respectively. The dashed lines represent the background intensities from 2ϭ40°to 140°. The area under the dashed line is related to the background integrated intensity. The calculated results showed that the background integrated intensity from the NC Cu sample was about 6%Ϯ3% larger than that calculated from the reference CG Cu sample in the range of 40°Ͻ2Ͻ140°.
B. Lattice parameter determination
Two stages were used to determine the lattice parameter precisely. First, the k␣2 component was removed from the x-ray-diffraction profiles using the modified Rachinger method. 14, 15 Second, the lattice parameters were calculated from the intensity peak centroid positions for both samples.
In order to eliminate the systematic error brought from the geometrical condition of the instrument, the standard Si sample was used. So, it is possible to calibrate the peak centroid positions.
The values of the lattice parameter against the scattering vector obtained at room temperature are plotted in Fig. 4 for NC and reference CG Cu samples. The averaged lattice parameters for both samples were calculated using the leastsquares method, and the weighted function was sin 2 sin 2. These values are given in Table II . It was revealed that the averaged lattice parameter for the NC Cu sample was about 0.04% smaller than that for the reference CG Cu counterpart.
The presence of the residual macrostress could be one of the reasons of the changed lattice parameter. However, the residual macrostress, if any, could be checked up by means of electrolysis erosion. The x-ray-diffraction results for the NC Cu sample with different times of electrolysis erosion indicated that no peak shift was found for these different processing conditions. Therefore, it was preliminarily suggested that the residual macrostress might not exist in the measured NC Cu sample.
C. Peak broadening effect analysis
The peak broadening is characterized by its integral width. The measured data of the integral widths from the measured profiles of NC, reference CG, and annealed powder Cu samples against the scattering vector are represented in Fig. 5 .
The measured profile of the Bragg reflection is a convolution of the physical intensity profile from the sample with a profile representing instrumental broadening. 13 As shown above, the measured profiles of the Bragg reflections in the NC Cu sample possess primarily Lorentzian form. On the other hand, the instrumental profiles obtained from the annealed powder Cu sample were revealed as Gaussian ones. So, one can suppose that the physical profiles of the NC Cu sample are primarily Lorentzian ones.
The physical integral widths ␤ p for all Bragg peaks of the NC Cu sample are shown in Fig. 5 ͑solid circles͒. Since the increase in the integral width with due to the instrumental broadening has been removed, the additional broadening in the case of the NC Cu sample was attributed to the existence of the microstructure in the sample.
In the case of the reference CG Cu sample the integral widths of the measured profiles were very close to the corresponding values of the instrumental broadening. Therefore, it is possible that the reference CG Cu sample has no physical broadening, reflecting the large crystallite size and almost no defect structure. The physical broadening of the Bragg peaks may be induced by the small crystallites and microstrains, caused mainly by dislocations, 16 within a material. So, the physical broadening profile from the sample is the convolution of the size broadening with the distortion broadening due to dislocations. 17 Taking in mind that usually the size broadening profile is represented by the Lorentzian function 18 and the physical profiles of the intensity peaks from the NC Cu sample were represented by the primarily Lorentzian function, a Lorentzian-shaped profile was used to represent the microstrain broadening in the NC Cu sample. Consequently, the integral width ␤ p of the physical profile was taken as the sum of the integral width ␤ s of the size broadening and ␤ d of the distortion broadening.
By using the Scherrer and Wilson equation, 19 the broadening of the (hkl) Bragg reflection ␤ was given as the following:
where ␤ is equal to ␤ p cos /, scattering vector ϭ4 sin /, and D hkl and ͗⑀ hkl 2 ͘ 1/2 represent the thickness and the mean magnitude of the microstrain inside of the grains and interfacial regions in the ͗hkl͘ direction, respectively.
Since the size broadening is independent of the magnitude of , the increase of ␤ with is related to the magnitude of the microstrain. A list of D hkl and ͗⑀ hkl 2 ͘ 1/2 for the different (hkl) families of the Bragg reflections from the NC Cu and reference CG Cu samples is shown in Table II .
D. Estimation of the Debye-Waller parameter
The Debye-Waller parameter B which is caused by the displacements of atoms from their ideal lattice positions may be separated into two components, B T and B s . 20 B T is the contribution from the thermal vibration of atoms and is temperature dependent. B s is the temperature-independent term due to the existence of the static lattice distortion, i.e., the static atomic displacement.
The Debye-Waller parameter is usually obtained by Warren 13 and other methods 21, 22 from the x-ray-diffraction patterns. These methods rely on the sample being free of texture. However, the NC Cu sample made by severe plastic deformation exhibited ͗111͘ texture, and the ͗200͘ and ͗331͘ textures existed in the reference CG Cu sample. Therefore, these methods cannot be used to calculate the Debye-Waller parameter for the NC Cu and reference CG Cu samples.
In order to obtain the information about the DebyeWaller parameter in the textured Cu samples, the following equation was used at the present investigation. According to Eq. ͑1͒ one can write
where BϭB s ϩB T , ⌽ hkl is the experimental integrated intensity after the Lorentz and Polarization factor correction, and ⌽ calc hkl is the theoretical integrated intensity for (hkl) Bragg reflections. hkl is the peak centroid position of the (hkl) Bragg reflection. For the textured NC Cu and reference CG Cu samples, because the first-and second-order Bragg reflections from the same family of the (hkl) planes are not related to the texture, the pairs of ͑111͒,͑222͒ or ͑200͒,͑400͒ Bragg reflec- tions were used to calculate the Debye-Waller parameter using Eq. ͑3͒. In order to remove the calculated error as far as possible, the averaged value of B was calculated by taking an average over the ͗111͘ and ͗200͘ directions. The relative change of the ⌽ hkl and B for the NC and reference CG Cu samples is represented in Table II 
IV. DISCUSSION
The analysis of the obtained results in the present study shows that the x-ray-diffraction pattern of the NC Cu sample possesses several specific features. This follows from the mainly Lorentzian shape of the Bragg reflections, increased peak broadening, and background integrated intensity, shifted to larger diffraction angles peak centroid positions. These peculiarities reflect the specific structure of the NC Cu, which is characterized by a decreased value of the lattice parameter, small crystallite size, high value of the internal microstrain, and increased value of the Debye-Waller parameter.
The specific structural feature of the NC materials processed by severe plastic deformation is the presence of nonequilibrium GBs possessing a high density of the extrinsic GB dislocations. 24 The extrinsic GB dislocations randomly distributed inside of the GBs create long-range stress fields which diminish according to the law of x Ϫ1/2 where x is a distance from the nearest GB. As a result, the shifts of the atoms from their ideal positions in the crystal lattice take place. 25 In vicinities of the GBs, values of these shifts as observed by direct high-resolution electron microscopy ͑HREM͒ investigations could be as large as 3%-5% of the nearest-neighbor spacing. 26 Computer simulation 27 showed that such atomic shifts could supply the Lorentzian-shaped Bragg reflections. Therefore, the revealed primarily Lorentzian shape of Bragg reflections in the x-ray-diffraction pattern can be explained by the small crystallite size and the influence of the long-range internal stress fields of the nonequilibrium GBs. Moreover, because the high density of the extrinsic GB dislocations leads to the large fraction of atoms belonging to the cores of these dislocations, the atomic relaxations in these regions result in the increase of the scattering background intensity in the NC Cu sample.
These results are in agreement with those of x-ray investigations on other NC samples. For example, Fitzsimmons et al. 3 observed the more Lorentzian profiles of the Bragg reflections and the increased background integrated intensities ͑8%Ϯ8%͒ in the NC Pd obtained by the gas condensation method comparing with the CG one.
In the present experiment, we found that the lattice parameter for the NC Cu sample was decreased. The corresponding averaged volume of the unit cell was calculated to be 47.183Ϯ0.012 Å 3 , which is about 0.13% smaller than that of the reference CG Cu sample. The reason for the decreased lattice parameter in the NC Cu sample is a decrease of the interplanar spacings due to the atomic displacements inside of the grains. So, it is possible to assume that the observed decrease of the lattice parameter in present case is caused by the long-range stress fields of nonequilibrium GBs.
The decreased or increased lattice parameters were observed in different NC materials. For instance, Lu and Sui 28 reported that there exists crystal lattice distortion in a NC Ni-P sample. The lattice parameter a of the Ni 3 P crystallites was obtained larger than the standard crystal lattice parameter a 0 and the lattice parameter c of the NC Ni 3 P crystallites smaller than c 0 . The intrinsic reason leading to the decreased or increased lattice parameters could be different depending on the processing histories of the NC materials. Investigations on this theme are currently in progress.
As to the origin of the microstrain, because of the large density of the extrinsic GB dislocations, one may suppose it is mainly from the GBs, and the contribution from the lattice strain inside the grains might be relatively small. Unfortunately, until now from the results of the only x-ray analysis, it is impossible to distinguish the contribution of the distortion broadening from the lattice and GB dislocations. The obtained results show that the elastic microstrains are anisotropical, i.e., the microstrain along the ͗200͘ direction was about three times larger than that along the ͗111͘ direction, suggesting that defect structures vary with different texture components. It should be pointed out, however, that detailed analysis of the crystallite size and microstrain requires more advanced methods, e.g., the Warren-Averbach one, 13 than the approximate method, such as the analysis of the Scherrer-Wilson equation.
It was shown 20 that if the crystals contain the shortranged strains which generate small displacements of the atoms, then the Bragg reflections are not strain broadened, but their integrated intensities are attenuated by a temperature factor. On the other hand, the intensity peaks from a severely distorted sample can be strain broadened, but their integrated intensities are the same as the integrated intensities of the Bragg reflections from a sample containing no distortion. As it follows from the data in Table II the Bragg reflections of the NC Cu sample exhibit considerable strain broadening and corresponding decrease of the integrated intensities compared with the reference CG Cu sample. These measurements are consistent with the conclusion that there is the large distortion in the NC Cu sample.
In the present work, we assumed that the atoms in the NC Cu and reference CG Cu samples are shifted isotropically from their ideal lattice positions. So the mean square root value of the atomic displacement ͗ 2 ͘ 1/2 was calculated from the Debye-Waller parameter B with the relation ͗ 2 ͘ 1/2 ϭ ͱB/8 2 . 13 Fitzsimmons, Burkel, and Sass 29 have shown that this isotropic condition may not be true for the atoms in the distorted layer near the GBs, but the resulting errors in this case are expected to be small. 30 The calculated values of the atomic displacements ͗ Table II . Correspondingly, ͗ 2 ͘ 1/2 has an approximate value of 4.3% of the nearest-neighbor spacing a 0 /2͗110͘ for the NC Cu sample and 3.7% for the reference CG Cu sample. Since the x-ray-diffraction technique used in this experiment gives only the average information over the whole sample, it is not possible to distinguish accurately the distribution of the atomic displacement in the NC Cu sample, i.e., the partition function of the atomic displacement inside the grain and in the distorted layers near GBs of the NC Cu sample. However, as long as we have no porosity in the NC Cu sample processed by severe plastic deformation, 11 one can reach a conclusion that the increased atomic displacement is attributed to the static atomic displacement incurred by the dislocations and/or the enhancement of the thermal vibration of atoms.
Although the obtained values of the Debye-Waller parameter in this article are not so precise as those obtained by traditional techniques with the x-ray analysis, the increase of the Debye-Waller parameter in the NC Cu sample is large and in agreement with the results obtained by another authors in the different NC materials. 3 The obtained results in the present study support the structural model based on the assumption of the presence of the nonequilibrium GBs in the NC materials processed by severe plastic deformation.
V. CONCLUSIONS
The x-ray-diffraction intensity analysis showed that for the NC Cu sample the shape of the Bragg reflections was represented primarily by the Lorentzian function which has long-ranged tails at both sides of each Bragg peak. The corresponding background integrated intensity was slightly larger than that of the CG Cu reference sample within the whole measured scattering range, and no significant large background intensity was found in the NC Cu sample. Such a difference may result mainly from the long range stress field of extrinsic GB dislocations, which leads to the static atomic displacement localized near the GBs and in the core of grains, and/or the increased thermal atomic displacement in the NC Cu sample.
The average lattice parameter for the NC Cu sample was about 0.04% smaller than that for the reference CG Cu sample. The lattice distortion with an averaged value of the unit cell depressed by about 0.13% relative to the equilibrium state might be attributed to the severe plastic deformation.
The broadening of the Bragg reflections from the NC Cu sample was mainly induced by the small crystallite size and microstrain in the grains and/or the deformed layers near the GBs. From the measurements of (h00),(hhh) families of the Bragg reflections it was obtained that the crystallite size is essentially isotropical; microstrains are sufficiently large and exhibit a significant anisotropy, i.e., the microstrain along the ͗200͘ direction is about three times larger than that along the ͗111͘ direction.
The Debye-Waller parameter B, which was calculated to be 0.97Ϯ0.06 Å 2 for the NC Cu sample, resulted from the distortion of the atoms from their ideal lattice positions because of the strain in grains, the highly distorted layers near the nonequilibrium GBs, and the increased thermal atomic displacement as well. The mean atomic displacement ͗ 2 ͘ 1/2 was 0.111Ϯ0.004 Å, which amounts to approximately 4.3% of the nearest-neighbor spacing a 0 /2͗110͘ for the NC Cu sample.
The results of the x-ray analysis of the NC Cu sample, processed by severe plastic deformation, gave a new important evidence of the presence of highly dislocation disturbed, nonequilibrium GBs in such a material. These GBs are obviously responsible for the formation of the elastic distortions near GBs and probably for unusual properties of the NC materials.
